Although mechanical ventilation is an important therapy, it can result in complications. One major complication is ventilator-induced lung injury, which is caused by alveolar hyperdistension, leading to an inflammatory process, with neutrophilic infiltration, hyaline membrane formation, fibrogenesis and impaired gas exchange. In this process, cellular mechanotransduction of the overstretching stimulus is mediated by means of the cytoskeleton and its cell-cell and cell-extracellular matrix interactions, in such a way that the mechanical stimulus of ventilation is translated into an intracellular biochemical signal, inducing endothelial activation, pulmonary vascular permeability, leukocyte chemotaxis, cytokine production and, possibly, distal organ failure. Clinical studies have shown the relationship between pulmonary distension and mortality in patients with ventilator-induced lung injury. However, although the cytoskeleton plays a fundamental role in the pathogenesis of ventilator-induced lung injury, there have been few in vivo studies of alterations in the cytoskeleton and in cytoskeleton-associated proteins during this pathological process.
Subsequent studies focused on the mechanical factors that triggered VILI, such as peak inspiratory pressure and V T . (9) (10) (11) (12) Dreyfuss et al. confirmed the findings of Webb and Tierney and demonstrated that V T was the major determinant of alveolar injury and alveolocapillary membrane injury, which gave rise to the term "volutrauma". (13, 14) In an important study, they compared rats ventilated with high V T and negative pressure (through a negative pressure ventilator, known as iron lung) with rats ventilated with high pressure and low V T (with thoracoabdominal movement restricted by a band). Edema of extravascular lung regions and increased microvascular permeability occurred only in the animals ventilated with high V T , which led to the conclusion that the increase in V T was responsible for the ventilation-induced edema. (13) It should be highlighted that the model used did not allow the authors to distinguish between the deleterious effects of V T and those related to increased transpulmonary pressure.
Based on these data, clinical studies involving lung-protective ventilation strategies were developed with the purpose of minimizing VILI by reducing the V T . The impact of these studies is evident: a reduction in morbidity and a 22% reduction in mortality in patients with ARDS. (15, 16) 
From volutrauma to biotrauma
Depending on the ventilation strategy adopted, mechanical stress can alter the cellular processes in the lung. (17) Tremblay et al. were some of the first researchers to demonstrate, in an isolated rat lung model, that injurious strategies with high V T induced the production of cytokines (TNF-α) and the expression of c-fos mRNA. (18) Other studies, investigating cultures of cells submitted to cyclic stretching, also demonstrated the production of cytokines in epithelial cells (19) and endothelial cells (20) when these were submitted to a distension of over 80% of the TLC. In addition to being temporally progressive, (21) this cytokine synthesis is potentiated by concomitant factors, such as systemic endotoxins and hyperoxia. (22, 23) Based on the induction of a proinflammatory response in the lung epithelium associated with an alteration in permeability in the local endothelium, (14, 24) some authors have suggested that there is decompartmentalization of
Introduction
Mechanical ventilation is a therapy that is widely used in intensive care medicine. The purpose of mechanical ventilation is to provide support when spontaneous ventilation is unable to sustain life or when ventilatory control is imperative in order to prevent the imminent collapse of certain organic functions.
(1) Although mechanical ventilation is often indispensable and life-saving, its use has been related to various possible complications, such as increased risk of pneumonia, hemodynamic changes, neuromuscular disorders and barotrauma. (2) (3) (4) (5) Mechanical ventilation can cause direct injury to the lungs, a type of injury known as ventilator-induced lung injury (VILI). (5, 6) Initially seen only as a synonym for barotrauma, VILI is currently known to present as nonspecific physiological and morphological changes in the lung parenchyma. Changes in the balance of fluids in the lungs, diffuse alveolar injury, increased endothelial permeability and increased epithelial permeability have been described in animals submitted to mechanical ventilation, leading to a pattern that is often similar to that found in patients with ARDS. (7) Therefore, VILI cannot be distinguished from most of the pulmonary diseases that lead to the use of mechanical ventilation, and VILI can worsen the initial profile.
VILI: from discovery to mechanical determinants
Webb and Tierney were the first authors to describe the pulmonary changes induced by mechanical ventilation with high tidal volume (V T ). (8) They studied rats that were ventilated with a positive end-expiratory pressure of 0 cmH 2 O and a peak inspiratory pressure of 14, 30 or 45 cmH 2 O. Nonventilated control animals and those submitted to a peak inspiratory pressure of 14 cmH 2 O presented no pathological changes in the lung. Animals submitted to a peak inspiratory pressure of 30 cmH 2 O showed perivascular edema without alveolar edema, whereas those submitted to a peak inspiratory pressure of 45 cmH 2 O showed perivascular edema, alveolar edema, severe hypoxemia and reduced dynamic compliance and died one hour after the beginning of the experiment. (8) interdependent effects of lung volume, transpulmonary pressure, surface tension and transcapillary tension on the alveolocapillary membrane. (37, 38) These forces, at the cellular level, are transmitted and supported by the cytoskeleton of the cell.
The cytoskeleton and its dynamics in cell deformation
The cytoskeleton is composed of an intracellular network of biopolymers that combine to form three types of filaments: microtubules; intermediate filaments; and actin microfilaments. Microtubules are tubulin polymers, which are formed in the perinuclear region and extend to the periphery, conditioning cell shape and guiding intracellular transport. The intermediate filaments are connected to the nuclear envelope, intercellular junctions (such as desmosomes and hemidesmosomes) and other elements of the cytoskeleton, providing the structure with resistance. The intermediate filaments are formed by various proteins, depending on the cell type: in muscle cells, they are formed by desmin; in epithelial cells, they are formed by cytokeratin; and in mesenchymal cells, they are formed by vimentin. Actin microfilaments participate in the generation of contractile forces and are connected to the intracellular proteins of the adherens junctions (in the case of cellcell contact) or of the focal adhesion plaques (in the case of cell-extracellular matrix contact), stabilizing the cell in relation to the forces that act on the membrane and determining the shape of the plasma membrane. (39) Being a dynamic and adaptable system, the cytoskeleton has been described as "ant lines": one line can persist for hours if necessary; however, each individual element that constitutes the line is in constant activity. In case there is a new situation, the line can rapidly rearrange itself due to its dynamic nature. (39) In keeping with this metaphor, the cytoskeleton is constantly rearranging itself so that the cell can adapt to the different environmental tensions.
The cytoskeleton is an integrated network, which is why each isolated element cannot be considered for resistance to deformation. According to a biomechanical model designated tensegrity, cells are prestressed structures, composed of a network (the cytoskeleton) of tension-bearing filaments that are coupled to inflammation, moving to a systemic level. This triggers a distant inflammatory response, favoring multiple organ dysfunction, a phenomenon designated "biotrauma". (25) (26) (27) An important experimental study has demonstrated that injurious mechanical ventilation triggers apoptosis of epithelial cells in the kidney and small intestine, a mechanism that is partially related to the production of Fas ligand. (28) It has also been suggested that part of the organ dysfunction that patients present during the critical period is triggered by ventilation-induced distant apoptosis.
A study evaluating the data regarding IL-6 (a proinflammatory cytokine) corroborated this idea. (16) In that study, the values of IL-6 observed in the group of patients with ARDS who were ventilated with low V T were lower than those observed in the group of patients with ARDS who were ventilated with habitual V T , which suggested decreased inflammatory response due to the ventilation strategy adopted. (16) However, the biotrauma theory is controversial with regard to the consistency of the production and the relative importance of lung cytokines. (29) This sometimes heated debate remains unsettled. (30, 31) 
Different tensions act on the lung parenchyma
For several years, it has been known that the distribution of the forces of stress and distension on the lung parenchyma is not uniform. (32) Models of the micromechanics of the parenchyma have revealed that elastic and collagen fibers, helicoidally arranged in the interstitium, are the principal support structures that resist stress. (33) (34) (35) In contrast, the alveolar septum is subject to different types of forces and tensions: the endothelial cells are subject to transcapillary pressure and laminar blood flow, whereas the epithelial cells of the airways and alveoli undergo cyclic stretching and compression caused by the respiratory movements and by the surface tension at the air-liquid interface. These forces become even more significant in the presence of parenchymal heterogeneity. (36) Lung cells need to adapt constantly to the frequent changes in the tension of the tissue in which they are located. The epithelium and endothelium are both subject to various forces during respiration, as a result of the the cell membrane that are rich in integrins and elements of the cytoskeleton, where the bidirectional interaction between the cell and the matrix occurs. (44) In these adhesion plaques, the bundles of actin microfilaments of the cytoskeleton are anchored to the cytoplasmic face of integrins through a multimolecular complex of junctional proteins. Some of the constituents participate in the structural binding of integrins to the actin cytoskeleton, whereas others are signaling molecules. (46, 47) Therefore, these dynamic structures are responsible for monitoring the external environment tension on the cell, playing an important role in cell behavior. (46, 47) However, the mechanisms through which the mechanical signs (transmitted to integrins and the cytoskeleton) are transduced into a biochemical sign have yet to be fully understood. Integrins have been reported to generate second intracellular messengers at the anchoring junctions by combining with other proteins, such as paxillin, talin and vinculin, and certain kinases, such as focal adhesion kinase (FAK), PKA, PKC, mitogen-activated protein kinase (MAPK) and c-Src, as well as other enzymatic complexes such as Rho-GTPase and phospholipase C. (48) (49) (50) One of the most important signaling molecules is FAK. (51) A 125-kDa tyrosine kinase, compression-resistant microtubules. This model is stable, resistant and allows cells to respond promptly to external physical stimuli. (40) Since cells are dynamic structures, they actively remodel in order to adapt to the different tensions that act on the lung during respiration. In order to do so, the cytoskeleton, which is the cell structure that is responsible for enduring such deformations and the resulting tensions, degrades and reorganizes itself, providing the system with plasticity. The cytoskeleton has been described as having an amorphous behavior that is dynamic, is similar to that of glass. (41) It is far from being a rigid and static structure, as it was once described. The cytoskeleton is able to restructure itself rapidly, adapting to different tensions and situations; it also changes cell viscosity so that the cell can adapt better to the environment. (42, 43) The cells that constitute the lung epithelium are connected to one another through specialized junctions in the plasma membrane, which are responsible for enduring most of the distension stress. In order to do so, the cytoskeleton filaments insert themselves in these regions, which are rich in cadherins (membrane proteins that are directly responsible for cell-to-cell adhesion). These specialized cell junctions are the adherens junctions and desmosomes, which are in charge of mechanically coupling with the cytoskeleton of neighboring cells. (44) An example of cytoskeleton reorganization is shown in Figures 1 and 2 , in which the structures of adhesion between the alveolar epithelial cells of rats ventilated with low V T (Figure 1 ) and those of rats ventilated with high V T (Figure 2 ) are shown by means of electron microscopy. (45) 
Cell-matrix interaction and mechanotransduction
In addition to connecting to one another, alveolar epithelial cells are connected to the specialized extracellular matrix, known as basal lamina, which supports them.
Integrins are the cell membrane proteins that are responsible for the interaction between the extracellular matrix and the cytoskeleton. The forces that are present in the lung interstitium are transmitted to the cells through the tension on integrins, which retransmit these tensions to the cytoskeleton. An ultrastructural analysis showed the existence of "focal adhesion plaques", which are specialized regions of . Note also that, as it is characteristic of adherens junctions, the membranes of the two cells are close but do not fuse, and it is possible to identify elements of the cytoskeleton attached to the internal surface of the membrane of each cell and arranged symmetrically along the junction. Taken from a study conducted by Taniguchi. (45) Cytoskeleton and mechanotransduction in the pathophysiology of ventilator-induced lung injury J Bras Pneumol. 2010;36(3):363-371 367 pneumocytes isolated from lungs submitted to high V T and hyperoxia. There was a reduction in FAK phosphorylation in these cells, in comparison with those isolated from control rats or with those submitted to high V T without hyperoxia. As a consequence of this reduction in FAK phosphorylation, the ability of cells to adhere to the substrate decreased, demonstrating that this kinase plays an important role in the phenomena of cell-extracellular matrix interaction. (53) Therefore, the different cell types of the lung can respond differently to the same stimulus.
Another important, often investigated, protein is paxillin, which is present in the focal adhesion plaques. This 68-kDa protein does not present catalytic sites in its structure. However, it is rich in binding regions (LD and LIM sites). This suggests a structural and anchoring function for the binding to other proteins. In fact, paxillin is located in adhesion structures that are already established, binding to other structural proteins (such as vinculin and actopaxin), serving as an anchoring structure for enzymes (such as FAK), or a combination of the two. (54) Phosphorylated paxillin has been related to the stabilization and recycling of focal adhesion plaques during the migration and adhesion of cells to the matrix. (55, 56) In fact, greater or lower activation of paxillin (via phosphorylation) is believed to be related to a greater or lower migratory potential of the cell, including in the processes of tissue repair. (54) The findings of studies investigating the behavior of paxillin in VILI are similar to those reported in studies investigating FAK (which is not surprising, since the activation of FAK promotes the phosphorylation of paxillin). Two studies, one investigating the endothelium (20) and the other investigating type II pneumocytes, (53) reported different findings for the phosphorylation of paxillin, the cellular overstretching being similar to that reported in studies investigating FAK. Therefore, the alteration in the phosphorylation of this protein varies according to the cell lineage in question. (54) In addition to the process of mechanotransduction, new studies have suggested that the cytoskeleton can transmit tensions directly to internal organelles, such as the mitochondria, generating intracellular signs. Therefore, the hyperdistension on the extracellular matrix associated with the lung endothelium is transmitted to the actin FAK was initially identified in the focal adhesion plaques. It was subsequently demonstrated that, after the interaction between integrin and the extracellular matrix, FAK undergoes a coordinated sequence of events: it is autophosphorylated on tyrosine residues (especially Y397); it combines with other tyrosine kinases of the Src family (such as pp60 src ); it phosphorylates other proteins associated with the focal adhesion plaques, such as p130Cas and paxillin (52) ; and it binds to other SH2 proteins, such as Grb2 (in order to activate other signaling pathways, such as Ras and MAPK). (47) Therefore, the location of FAK in the focal adhesion plaque and the phosphorylation of this kinase are important initial events of the mechanotransduction mechanism and play an important role in the formation of new focal junctions.
Some studies have attempted to evaluate the changes in FAK in the processes related to pulmonary hyperdistension. One group of authors studied endothelial cells obtained from an isolated lung model. In that study, the use of high V T led to an increase in FAK phosphorylation and to proinflammatory response in the endothelium, which facilitated leukocyte adhesion by increasing P-selectin. (20) However, another group of authors (53) reported different findings when studying type II Figure 1 , we notice that the adhesion structures that predominate in this circumstance present great concentration of filaments associated with the plasma membrane, suggesting reorganization of the cytoskeleton due to hyperdistension. Taken from a study conducted by Taniguchi. of the components of this complex response, the multiple interactions between the various cell types that constitute the lung are lost. In addition, the culture models submitted to cyclic distension are essentially bidimensional, whereas the alveoli insufflate in the three dimensions. Finally, it cannot be inferred that the impact of the proinflammatory response observed in in vitro models is the same for the body as a whole, especially with regard to the interaction with systemic anti-inflammatory responses, such as IL-10, soluble TNF-α receptor and soluble IL-1 receptor.
filaments of the cytoskeleton that are connected in series to the integrins and, consequently, to the mitochondria connected to the actin. This triggers a stimulus for the production of free radicals that, among other intracellular effects, promotes P-selectin exocytosis and increases the production of vascular cell adhesion molecule via nuclear factor kappa B (NF-κB), as well as proinflammatory events, which facilitate leukocyte adhesion. (57, 58) In summary, the hyperdistension of the lung parenchyma in VILI seems to be transmitted from the extracellular environment to the interior of the cells through the extracellular matrixcytoskeleton connection, in which integrin plays the role of mediator. In this mechanism, certain intracellular proteins associated with adhesion structures are important, especially FAK and paxillin. Figure 3 shows a schematic illustration summarizing some of the previously described molecular interactions for signal transduction in the cell adhesion structures.
Mechanisms of independent mechanotransduction of integrins
A mechanism has been proposed by which alveolar hyperdistension can generate intracellular signs that are independent from the cytoskeleton through the formation of transitory fractures in the plasma membrane of cells submitted to mechanical stress. One group of authors demonstrated, in an experimental model, that lungs submitted to high V T showed reversible changes in the plasma membrane. (59) However, these transitory fractures in the membrane can trigger intracellular signaling via c-fos and NF-κB and mediate part of the mechanotransduction independently from the cytoskeleton (60) (Figure 4 ).
Future perspectives: from in vitro to in vivo models of VILI As described previously, the cytoskeleton and its associated structures play a crucial role in the pathophysiology of VILI. Studies in this area are progressing toward a better understanding of how mechanotransduction occurs and how the cytoskeleton responds to excessive pulmonary distension. However, these studies have basically focused on cell culture models. (50) Although this reductionist model allows the isolation of each to integrin results in the autophosphorylation of the former. This allows FAK to bind to other SH2 proteins (such as Src and Grb2) and to initiate a sequence of bindings to other proteins associated with the focal adhesion plaques, such as paxillin (Pax) and p130Cas (Cas). These bindings, in addition to stabilizing and maturing the focal adhesion plaques, trigger the activation of intracellular signaling pathways through GTPases (Ras) and kinases (mitogen-activated protein kinase, MAPK), which leads to processes of cell migration and gene transcription. Adapted from Han et al. (49) and from Parsons et al. (51) Cytoskeleton and mechanotransduction in the pathophysiology of ventilator-induced lung injury There are few in vivo studies of VILI describing the changes in the cytoskeleton or in cytoskeleton-associated proteins, such as FAK and paxillin. Further studies are required in this area, involving models that are more integrated and that can mimic more closely the changes that occur in the pulmonary cells of patients on mechanical ventilation, since these cells are constantly submitted to proinflammatory and pro-apoptotic stimuli, as well as to mechanical stress, which influence their structure and function. 
